17 The phonological function of vowels can be maintained at fundamental frequencies (f o ) up 18 to 880 Hz [Friedrichs et al. (2015). J. Acoust. Soc. Am. 138 , EL36-EL42]. Here, we 19 test the influence of talker variability and multiple response options on vowel recognition at 20 high f o s. The stimuli (n=264) consisted of eight isolated vowels (/i y e ø E a o u/) produced 21 by three female native German talkers at eleven f o s within a range of 220-1046 Hz. In a 22 closed-set identification task, 21 listeners were presented excised 700-ms vowel nuclei with 23 quasi-flat f o contours and resonance trajectories. The results show that listeners can identify 24 the point vowels /i a u/ at f o s up to almost 1 kHz, with a significant decrease for the vowels 25 /y E/ and a drop to chance level for the vowels /e ø o/ towards the upper f o s. Auditory 26 excitation patterns reveal highly differentiable representations for /i a u/ that can be used 27 as landmarks for vowel category perception at high f o s. These results suggest that theories 28 of vowel perception based on overall spectral shape will provide a fuller account of vowel 29 perception than those based solely on formant frequency patterns.
I. INTRODUCTION
since, numerous studies have reported that only /a/-like vowels can remain identifiable at 48 the highest musical notes near 1 kHz (see Sundberg, 2013, p. 87 , for an overview). It seems 49 plausible, however, that this loss of vowel contrast is primarily due to articulatory changes 50 applied by Western operatic singers when they perform at higher pitches. In experimental 51 studies such as Joliveau et al. (2004) it has been shown, for example, that sopranos shift adult talkers can produce identifiable versions of the vowels /i a o u/ but not of /e/ at an coefficients of a bark frequency scaled spectrum) are superior acoustic cues for vowel However, it is also possible that the lack of between-talker acoustic vowel variation 126 facilitated identification of the vowels (excepting Maurer and Landis, 1996, who used 127 vowels of infant and adult talkers, all of the above-mentioned studies showing accurate vowels as response options, listeners had to identify single 700-ms nuclei with quasi 140 steady-state acoustic characteristics. These center portions of the vowels were used to 141 exclude possible secondary cues, in particular, sweeping harmonics in the on-and off-sets, 142 which might sample the vocal tract transfer function more continuously and thus provide 143 information about the position of the formants. 144 To investigate possible spectral properties underlying listeners' identification process 145 at high f o s, we calculated simple versions of the excitation patterns that these vowels 146 would be expected to generate in the auditory periphery and discuss them with respect to the results of the identification test.
II. METHODS

149
A. Subjects 150 21 native German listeners (10 female, 11 male; mean age = 23.2, s.d. = 2.25) 151 participated in a multiple-choice vowel identification task. All were students at the 152 University of Zurich and none of them reported any hearing impairments when asked 153 before the experiment. Wedemark-Wennebostel, Germany) on a PC via an audio interface (RME Fireface UCX, 159 RME, Halmhausen, Germany) in a noise-controlled room at Zurich University of the Arts 160 (ZHdK) (Switzerland). The sampling frequency of the recordings was 44.1 kHz. Subjects 161 were recorded keeping a constant distance of about 30 cm to the microphone when 162 standing on a drawn position reference on the floor. They were selected based on samples 163 from a corpus of recordings of 60 talkers because of their extended vocal range and 164 noticeable skill of maintaining vowel categories at high f o s. As part of the standard procedure as implemented in an associated project (see Maurer et al., 2016 , for more 166 details), the latter was assessed in a listening test using a blocked-talker condition and a 167 multiple-choice identification task carried out by five phonetically trained listeners. The 168 other 57 talkers (both female and male) had more limited vocal ranges and were not 169 capable of producing vowels throughout the designated f o range from 220 to 1046 Hz.
170
The three subjects were then asked to produce the eight long vowels /i y e ø E a o u/ 171 in isolation at eleven f o s (220, 330, 440, 523, 587, 659, 698, 784, 880, 988, 1046 Hz) with a 172 monotone pitch contour resulting in 264 recordings (11 frequencies * 8 vowels * 3 talkers).
173
Piano notes were presented as reference sounds to the subjects via loudspeaker 174 immediately preceding the production. The talkers were asked to focus on producing 175 recognizable vowels and to ignore typical voice aesthetics that might be important in their 176 respective artistic style. The lowest f o (220 Hz) corresponds to the female average f o in 177 citation-form words (Hillenbrand et al., 1995) . The highest f o (1046 Hz) corresponds to the 178 high C (the musical note C6) in soprano singing and exceeds the normal range of F 1 of all 179 German vowels produced by female talkers (see Pätzold and Simpson, 1997) . The average 180 f o of each vowel was measured in Praat (Boersma and Weenink, 2016) using it's 181 autocorrelation method (Boersma, 1993) and later checked manually. All vowels used in 182 this study were recorded several times to ensure that at least one had an actual f o close to 183 the target f o and a minimum duration of 1 second. All vowels that met these criteria were then evaluated again in the same listening test carried out by the five phonetically trained 185 listeners, and the vowels with the highest identification scores were selected as stimuli. The although all statistical analyses were performed on raw data (correct/incorrect responses).
214
The estimates (β) that are reported in the results section are expressed in logit units and 215 were computed taking "incorrect response" as the reference level for the dependent variable.
216
To investigate possible shifts towards other than the intended vowel categories, 11 Using distinctive excitation patterns as landmarks for vowel identification could also explain most of the findings reported in earlier studies on vowel identification at high f o s.
328
Regarding the vowels used by Smith and Scott (1980) in their perception experiment (i.e.,
329
/i I E ae/), it is possible that the information conveyed by the distinct spectral shapes 330 might have been sufficient for the listeners to distinguish at least between the two pairs /i 331 I/ and /E ae/. However, it is difficult to draw conclusions from this as vowel duration 332 differed substantially in this study, and not enough detail about performance with the 333 different vowels and the instructions given to the listeners were provided.
334
Comparing the results of the present study to those reported by Friedrichs et al.
335
(2015b), the diverging identification performance for the vowel /o/ is surprising. While a 336 perfect identification rate (100% correct) was found at an f o of 880 Hz by Friedrichs et al.
337
(2015b), a performance near chance (17.5% correct) was observed in the present study.
338
Although the lack of between-talker acoustic vowel variation (as being a single talker 339 study) and secondary cues to vowel identity (vowels were presented in word context) in the 340 former study might have helped listeners to perform better it seems possible that this 341 difference is also due to the importance of perceptual and acoustic landmarks. The 342 strongest support for this hypothesis is the fact that the vowel /u/ was not included in the tested in a two-alternative forced choice task, could also be explained within this context.
350
As a single talker was asked to produce several different two-word combinations containing It is possible that the results presented here may have been driven in part by the 360 relative frequency of German vowels. For example, in German, /i/ is more frequent than 361 /y/, and /u/ is more frequent than /o/ (Pätzold and Simpson, 1997) . Forced to choose 362 between two vowels that otherwise match the spectral characteristics of the stimulus 363 equally well, listeners are most likely to pick the one with the higher a priori probability.
364
However, it is unlikely that this can explain listeners' identification performance entirely as, confused most often in this study at an f o of 988 Hz. In addition, relative frequency may 367 be the driving force behind which vowel label is applied to a cluster of similar vowels, but 368 it cannot explain the fact that vowels were categorized into three distinct groups.
369
In summary, the results presented here make it clear that a theory of vowel perception 370 based solely on formant peak patterns cannot account for the relatively preserved 
